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Abstract

Hydroxy fatty acids have gained important attentions because of their special properties such as higher viscosity and reactivity compared
with other non-hydroxy fatty acids. Previously we reported that a novel bacterial strainPseudomonas aeruginosa PR3 converted linoleic
acid to the equimolar mixture of two compounds, 9,10,13- trihydroxy-11(E)-octadecenoic acid (9,10,13-THOD) and 9,12,13-trihydroxy-
10(E)-octadecenoic acid (9,12,13-THOD) which showed anti-fungal activities (Kim, H. Gardner, H.W., Hou, C.T.,J. Ind. Microbiol.
Biotechnol. 2000, 25, 109–115). In this study we report for the first time the effect of several metal ions as catalytic agents of lipid
peroxidation on the production of total THODs by PR3. Among eight different metal ions tested, Fe�2 and Cu�2 were effective to produce
THODs. However bacterial growth was not significantly affected by the existence of metal ions tested. Fe�2 ion requirement was specific
to THOD production from linoleic acid but not to other incorporation of dihydroxyl group on oleic acid and ricinoleic acid by PR3. © 2002
Elsevier Science Inc. All rights reserved.
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1. Introduction

Hydroxy fatty acids are important industrial materials
because the hydroxyl group on fatty acid gives fatty acid
special properties such as higher viscosity and reactivity
compared with other non-hydroxylated fatty acids [1]. The
hydroxy fatty acids are used in a wide range of industrial
products including resins, waxes, nylons, plastics, lubri-
cants, cosmetics, and additives in coatings and paintings [2].
Of the hydroxy fatty acids reported, 9,10,11-trihydroxy-12-
octadecenoic acid (9,10,11-THOD), 9,10,13-trihydroxy-
11(E)-octadecenoic acid (9,10,13-THOD), and 9,12,13-tri-
hydroxy-10(E)-octadecenoic acid (9,12,13-THOD) have
gained special attention because they were isolated from
plants with strong anti-fungal activity [3–6]. There are
some other reports about the production of trihydroxy fatty
acids from various sources with biologic significances
[7–12]. However, although the biologic significances of

these THODs were reported, their production in nature were
rare and restricted mostly in plant system, and the com-
pounds reported so far were all produced in trace amounts.
During the past decades lots of effort were focused upon the
microbial production of the hydroxy fatty acids using var-
ious fatty acid substrates.

The metabolic pathways involved in the conversion of
linoleic acid to trihydroxy fatty acids were well studied.
Enzymatic conversion of lipid hydroperoxides(LOOH),
products of reactions catalyzed by lipoxygenase, have been
reported in many higher plants [3–5,13–14]. Conversion of
linoleic acid hydroperoxide by soybean lipoxygenase gen-
erated trihydroxy-, hydroperoxydihydroxy-, hydroxyepoxy-
octadecenoate [11]. Although there detected many interme-
diates in the conversion of linoleic acid to THODs, overall
pathway for THOD production from linoleic acids are be-
lieved to be via the generation of linoleic acid hydroperox-
ide by lipoxygenase and further decomposition into TH-
ODs. Decomposition of LOOH requires the presence of
bivalent metal ions, e.g. iron or copper since these ions are
known to be required to generate intermediate radicals (LO�)
leading to the formation of hydroxyl group [15]. Iron ions
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are also known for decades to be involved as an essential
catalytic factor in lipoxygenases for their catalytic activity
[16,17].

Previously, we reported that a novel bacterial strain
Pseudomonas aeruginosa PR3 was able to convert unsatur-
ated fatty acids to dihydroxy fatty acids [18–21] and lino-
leic acid to the equimolar mixture of 9,12,13-THOD and
9,10,13-THOD [22]. In this paper we report for the first time
the effect of several metal ions as catalytic agents on the
production of total THODs by PR3.

2. Materials and methods

2.1. Microorganisms

Pseudomonas aeruginosa NRRL strain B-18602 (PR3)
isolated from water sample of a hog farm near Peoria, IL,
USA was grown at 28°C aerobically in a 125 ml Erlenmeyer
flask containing 50 ml of standard medium with shaking at
200 rpm. The standard medium used hereafter contained per
liter 4 g dextrose, 2 g K2HPO4, 2 g (NH4)2HPO4, 1 g
NH4NO3, 0.5 g yeast extract, 0.014 g ZnSO4, 0.01 g
FeSO4.7H2O, and 0.01 g MnSO4. � 7H2O. For the study of
metal ion effect on THOD production, all the defined metal
ion salts of standard medium were replaced with single
metal ion-sulfate salt as specified elsewhere. The concen-
tration of metal ion mentioned elsewhere in the text indi-
cates the concentration of the metal ion newly added in the
basal medium. Basal medium represents the medium that
contains yeast extract but no defined metal ions. The me-
dium was adjusted to pH 7.0 with diluted phosphoric acid.
Standard condition referred in the text represented those
mentioned above. Cultures were maintained on agar slant
with the medium mentioned above except for the addition of
1.5% agar.

2.2. Chemicals

Linoleic acid and methyl ester of elaidic acid with 99� %
purity by gas chromatography were purchased from NU-
Check-Prep Inc. (Elysian, MN). Mixture of trimethylsily-
limidazole (TMSI) and pyridine (1:4 v/v) was purchased
from Supelco Inc. (Bellefonte, PA). All other chemicals
were reagent grade and were used without further purifica-
tion. Other chemicals were purchased from Sigma, unless
mentioned otherwise.

2.3. Bioconversion

Linoleic acid (0.5 g) as substrate was added to a 24 h-old
culture in the standard or modified medium followed by
continued incubation for an additional 72 h. At the end of
the cultivation, the culture broth was acidified to pH 2 with
6 N HCl followed by immediate extraction twice with an
equal volume of ethyl acetate and diethyl ether. The solvent

was evaporated from the combined extracts with a rotary
evaporator.

2.4. Analysis of products

Products in crude extract were analyzed and identified by
GC/mass spectrometry (GC/MS). The crude samples were
first methylated with diazomethane for 1 min at room tem-
perature. After the solvent was evaporated under the nitro-
gen gas flow, the methyl esters were derivatized with the
mixture of TMSI and pyridine (1:4 v/v) for at least 20 min
at room temperature. The TMSI-derivatized sample was
analyzed with a Hewlett Packard (Avondale, PA) 5890 GC
coupled to a Hewlett Packard 5972 Series Mass Selective
Detector. The column outlet was connected directly to the
ion source. Separations were carried out in a methylsilicone
capillary column with 30 m x 0.25 mm I.D., 0.25 �m film
thickness (Supelco Inc., Bellefonte, PA). GC was run with
a temperature gradient of 20°C/min from 70°C to 200°C,
holding 1 min at 200°C, and then 0.7°C/min to 240°C,
followed by holding for 15 min at 240°C (helium flow
rate � 0.67 ml/min). For quantitative analysis, methyl ester
of elaidic acid was added to the sample as an internal
standard prior to TMSI derivatization. Internal standard
method was confirmed by gravimetric measurement of
product. Chemical structure of the analyzed product was
determined with the electron-impact mass spectra obtained
with GC/MS. The values presented in each experiment of
this study are averages of the duplicate. Error range was
within 10% of average value.

3. Results and discussion

3.1. Effect of metal ions on THOD production from
linoleic acid by PR3

It has been reported that lipid peroxide molecule-
s(LOOH) were decomposed to radicals in the presence of
bivalent metal ions, in particular, iron or copper since these
ions were known to be required to generate intermediate
radicals (LO�) leading to the formation of hydroxyl group on
fatty acid [15]. In our previous report, we demonstrated that
a novel bacterial strain Pseudomonas aeruginosa PR3 could
convert linoleic acid into the equimolar mixture of 9,12,13-
THOD and 9,10,13-THOD with about 45% yield [22]. The
structure of 9,12,13- and 9,10,13-THODs are shown in
Scheme 1. To address the effect of metal ions on the pro-
duction of THODs by PR3, we prepared medium in which
all the defined metal ions in the standard medium were
replaced with 70 �M of single metal ion-sulfate salt (see
Materials and Methods) and tested each medium to compare
THOD production under the standard condition. As shown
in Table 1, Fe�2 and Cu�2 ions among the eight metal ions
tested were sufficiently effective to produce THOD com-
pared to the control medium. In the case of copper ion, at a
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given concentration, THOD production was about 20%
higher than that with control medium. However single use
of iron ion at a given concentration was less effective by
30% for THOD production compared to the control. Except
for Mn�2 ion which showed 6% relative productivity of
THODs, other ions tested produced no THODs.

Lipoxygenase from soybean has been reported to convert
linoleic acid to linoleic hydroperoxide which was important
intermediate leading to the formation of THODs [11]. Soy-
bean 15-lipoxygenase contains non-heme Fe(III) essential
for its catalytic activity [16–17,23]. The Fe(III) center of
lipoxygenases has been suggested to play a central catalytic
role for activity, probably through the generation of a fatty
acid radical which subsequently reacts with molecular ox-
ygen to produce the hydroperoxide [24]. In addition, certain
inhibitors of lipoxygenase reduced the active ferric enzyme

to the inactive ferrous form [25,26]. However, lipid peroxi-
dation of linoleic acid was induced by catalytic amounts
either of Fe�2 or Fe�3 ions [27–29]. Since these two ions
are easily convertible each other by oxidation and reduction,
there could be always an equilibrium between them. In other
report, oxidation of (13S, 9Z, 11E) 13-hydroxyperoxy-9,11-
octadecadienoic acid (13S-HPODE), which is the products
of linoleic acid peroxidation, proceeded much faster with air
in the presence of equimolar amounts of Fe�2 ions than the
case with Fe�3 ions [30]. Gardner et al. observed that
trihydroxy fatty acids were generated by the action of cat-
alytic amounts of Fe�2 on linoleic acid hydroperoxides
[28]. These observations prompted us to assume that Fe�3

ions are required for lipoxygenase activity but Fe�2 ions are
more favorable for oxidation of LOOH, hence suggesting
that surplus amount of Fe�2 ions in the culture medium
could sufficiently enable the production of THODs from
linoleic acid by PR3. Therefore we used Fe�2 ions instead
of Fe�3 ions in this study.

3.2. Effect of Fe�2 ion concentration on the production of
THODS by PR3

Since Fe�2 ion was shown to be required for THOD
production from linoleic acid by PR3, we investigated the
effect of varied Fe�2 ion concentrations on the production
of total THODs from linoleic acid by PR3. THOD produc-
tion showed non-linear increment in relation to the increase
of Fe�2 ion concentration (Fig. 1). THOD production in-
creased steadily resembling lag phase of cell growth curve
up to 0.07 mM of Fe�2 ion concentration after which the
production entered exponential increase up to 0.14 mM of

Scheme 1. Structure of 9,12,13-THOD (A) and 9,10,13-THOD (B) produced from linoleic acid by PR3.

Table 1
Effect of metal ions on THOD production by PR3

Metal ions (70 �M)* Total THOD‡
(mg/50 ml culture)

Cell density
(O.D. @ 540 nm)

Control† 18.6 1.29
Fe�2 13.0 1.54
Cu�2 21.9 1.58
Zn�2 nd 1.40
Mn�2 1.1 1.30
Mg�2 nd 1.48
Ca�2 nd 1.67
Na�1 nd 1.67
K�1 nd 1.69

* All metal ions tested were supplied as sulfate salt.
† Standard medium was used as control.
‡ nd indicates not detectable.

754 H. Kim et al. / Enzyme and Microbial Technology 30 (2002) 752–757



Fe�2 ions followed by saturation of THOD production.
However, microbial growth was not significantly influenced
by the concentration of Fe�2 ions tested. Even in the ab-
sence of defined metal ions at all, cell density marked up to
80% of the maximal density. From these results we came to
a conclusion that the threshold concentration level of Fe�2

ions for the production of THODs from linoleic acid by PR3
existed between 0.07 mM and 0.14 mM. This concentration
range accounted for the substrate/Fe�2 ion molar ratio of
from 5100 to 2550. It is highly plausible to assume that
existence of the threshold concentration level of Fe�2 ion
for THOD production could possibly be raised by the pref-
erence of two iron ions Fe�2/Fe�3 in the equilibrium for
discrete reactions by the enzyme system involved in this
event.

3.3. Effect of Fe�2 ion concentration on the production of
hydroxy fatty acids from various substrates by PR3

PR3 used in this study has been reported to convert oleic
acid and ricinoleic acid into 7,10-dihydroxy-8(E)-octadece-
noic acid (DOD) and 7,10,12-trihydroxy-8(E)-octadecenoic
acid (TOD), respectively [20,31]. In our previous reports,
we postulated that oleic acid and/or ricinoleic acid-specific
lipoxygenase rather than hydratase would be involved in the
production of DOD and TOD from their corresponding
substrate by PR3 [18,21]. Hence, we investigated the effect
of Fe�2 ions on the production of DOD and TOD from their
corresponding substrates in comparison with THOD pro-
duction from linoleic acid by PR3 (Fig. 2). When Fe�2 ions
were added at two different concentrations of 0.07 mM and
0.21 mM, THOD production increased greatly as expected.
However, TOD production from ricinoleic acid linearly
decreased with relatively low production level and DOD

production from oleic acid fluctuated with its production in
the absence of Fe�2 ion being even higher than that in the
presence of iron.

These results demonstrated that the enzyme(s) involved
in the production of THOD from linoleic acid would be
different from the enzyme system involved in the formation
of DOD and TOD from their corresponding substrates by
PR3 and that the enzyme could be lipoxygenase. This was
supported by the report that the key element of the substrate
for the non-heme iron containing lipoxygenase was a 1,4-
cis,cis-diene unit present in the structure of linoleic acid
[23]. This structure is different from the single cis double
bond found on C9,10 of oleate and ricinoleic acid. However,
further work should be performed to identify the lipoxygen-
ase in PR3.

3.4. Effect of Cu�2 ions on the production of total THOD
by PR3

Copper ion was known to be one of the bivalent metal
ions effective to decompose LOOH to radicals [15] and also
concomitantly our primary result in this study demonstrated
that the presence of Cu�2 ions was more effective for
THOD production than the control medium (Table 1).
Therefore, we investigated the effect of varied Cu�2 ion
concentrations on the production of total THODs from li-
noleic acid by PR3. As shown in the Fig. 3, THOD produc-
tion increased in proportion to the concentration of Cu�2

ion and the inclining pattern of THOD production over the
increasing concentration of Cu�2 ions was similar to that
with Fe�2 ions. However, the threshold level of Cu�2 ion
concentration for THOD production appeared between 0.01
mM and 0.04 mM, and also maximum THOD production

Fig. 1. Effect of Fe�2 ion concentrations on the production of total THODs
from linoleic acid by PR3. All the defined metal ions in the standard
medium were replaced with single ferrous sulfate. THOD was produced
with 500 �g of linoleic acid as substrate for 72 h under standard condition
and total THODs (circle) produced and extracted were quantified with
methyl ester of elaidic acid being added to the sample as an internal
standard prior to TMSI derivatization of extracts. Cell density (triangle)
was expressed as the optical density measured at 540 nm.

Fig. 2. Effect of Fe�2 ion concentrations on the production of hydroxy fatty
acids from their corresponding substrates by PR3. All the defined metal
ions in the standard medium were replaced with single ferrous sulfate at
different concentrations. Other experimental conditions followed the one
used in Fig. 1. Open bar represented DOD production from oleate, striated
bar and meshed bar represented TOD production from ricinoleic acid and
total THOD production from linoleic acid, respectively.
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level was lower than that with Fe�2 ions. These results
suggested that Fe�2 ions were more efficient than Cu�2 ions
for the production of THODs from linoleic acid by PR3
above the threshold level.

In summary, we studied for the first time the effect of
metal ions on the production of trihydroxy fatty acids from
linoleic acid by a bacterial strain Pseudomonas aeruginosa
PR3. Fe�2 or Cu�2 ions were required for THOD produc-
tion from linoleic acid by PR3. However, Fe�2 ions were
more efficient than Cu�2 ions for the production of THODs
and there existed threshold level of Fe�2 and Cu�2 ion
concentration for THOD production by PR3 with the former
being higher than the latter. The existence of threshold level
of metal ion concentration suggested that THOD production
from linoleic acid by PR3 in mediation with Fe�2 or Cu�2

ions was carried out probably by lipoxygenase through
independent two or more catalytic steps.
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